Isomers in neutron-rich lead isotopes populated via the fragmentation of 238U at 1 GeV A by Gottardo, A et al.
Isomers in neutron-rich lead isotopes populated via
the fragmentation of 238U at 1 GeV A
A. Gottardo1;2, J.J. Valiente-Dobon1, G. Benzoni3, R. Nicolini3;4,
J. Alcantara Nu~nez5, A. Algora6, N. Al-Dahan7, G. de Angelis1,
Y. Ayyad5, N. Alkhomashi8, P.R.P. Allegro9, J. Benlliure5,
P. Boutachkov10, M. Bowry7, A. Bracco3;4, A.M. Bruce11, M. Bunce7,
E. Casarejos5, L. Cortes10, F.C.L. Crespi3;4, F. Camera3;4, A. Corsi3;4,
A.M. Denis Bacelar11, A. Deo7, C. Domingo-Pardo10, M. Doncel12,
Zs. Dombradi13, T. Engert10, K. Eppinger14, G.F. Farrelly7,
F. Farinon10, A. Gadea6, H. Geissel10, J. Gerl10, N. Goel10,
M. Gorska10, J. Grebosz15, E. Gregor10, T. Haberman10,
R. Hoischen10;16, R. Janik17, S. Klupp14, I. Kojouharov10, N. Kurz10,
S. Leoni3;4, S. Lunardi2;18, S. Mandal19, R. Menegazzo18,
D. Mengoni18;20, B. Million3, D.R. Napoli1, F. Naqvi10;21 ,
C. Nociforo10, M. Pfutzner22, S. Pietri10, Zs. Podolyak7,
A. Prochazka10, W. Prokopowicz10, F. Recchia18, R.V. Ribas9,
M.W. Reed7, P.H. Regan7, D. Rudolph16, E. Sahin1, H. Schaner10,
A. Sharma10, B. Sitar17, D. Siwal19, K. Steger14, P. Strmen17,
T.P.D. Swan7, I. Szarka17, P.M. Walker7, O. Wieland3, H. Weick10
and H-J. Wollersheim10
1 INFN, Laboratori Nazionali di Legnaro, Legnaro (Padova), Italy.
2 Universita degli Studi di Padova, Padova, Italy.
3 INFN, Sezione di Milano, Italy.
4 Universita degli Studi di Milano, Milano, Italy.
5 University of Santiago de Compostela, Santiago de Compostela, Spain.
6 IFIC, Valencia, Spain.
7 University of Surrey, Guildford, UK.
8 KACST, Riyadh, Saudi Arabia.
9 University of S~ao Paulo, S~ao Paulo, Brazil.
10 GSI, Darmstadt, Germany.
11 University of Brighton, Brighton, UK.
12 University of Salamanca, Salamanca, Spain.
13 ATOMKI, Debrecen, Hungary.
14 TU Munich, Munich, Germany.
15 Institute of Nuclear Physics PAN, Krakow, Poland .
16 Lund University, Lund, Sweden.
17 Comenius University, Bratislava, Slovakia.
18 INFN, Sezione di Padova, Padova, Italy.
19 University of Delhi, Delhi, India.
20 University of the West of Scotland, Paisley, UK.
21 IKP Koln, Koln, Germany.
22 Faculty of Physics, University of Warsaw, Poland.
E-mail: andrea.gottardo@lnl.infn.it
Abstract. Neutron-rich nuclei beyond N = 126 in the lead region were populated by
fragmenting a 238U beam at 1 GeV A on a Be target and then separated by the Fragment
Separator (FRS) at GSI. Their isomeric decays were observed, enabling study of the shell
structure of neutron-rich nuclei around the Z=82 shell closure. Some preliminary results are
reported in this paper.
1. Introduction
The experimental study of exotic nuclei has shown that signicant changes of the known shell
structure along the stability valley occur for very neutron-rich nuclei with mass numbers below
100. The two most accessible doubly-magic nuclei above mass A = 100 are 132Sn (Z=50, N=82)
and 208Pb (Z = 82, N = 126). The evolution of the Z=50 shell above N=82, and in general the
structure of nuclei around 132Sn, is nowadays an object of intense research at radioactive beam
facilities accelerating ssion fragments around A = 140 [1, 2, 3]. On the other hand, due to
experimental diculties, little is known on the evolution of Z = 82 shell closure beyond N = 126
and neutron-rich nuclei around 208Pb [4]. The study of these isotopes is relevant also for nuclear
astrophysics, since the measurement of their -decay half-lives will improve the understanding
of the r-process stellar nucleosynthesis in heavy nuclei [5].
2. Experimental setup
The presence of long-lived isomeric states (from tens of nanoseconds to a few microseconds),
predicted by shell-model calculations, oers an opportunity to study the structure of exotic
heavy nuclei performing decay  spectroscopy. Isomeric states in neutron-rich nuclei in the
lead region were observed in Ref. [4, 6, 7]. In the present paper we report new results in the
most neutron-rich lead region, obtained by exploiting the uniqueness of the FRS-RISING setup
[8, 9, 10, 11] and the UNILAC-SIS accelerator facilities at GSI by using a 1 GeV A 238U beam at
an intensity of around 1.5109 ions/spill. The  1 s spills were separated by 2 s without beam.
The beam impinged on a 2.5 g/cm2 Be target (followed by a 223 mg/cm2 Nb stripper) and the
isotopes resulting from the cold fragmentation reaction were separated and identied with the
double-stage magnetic spectrometer FRS [8]. The FRS allows one to discriminate the magnetic
rigidities of the fragments with a resolution sucient to distinguish the masses of adjacent
isotopes even for the heavy masses of interest (A  210-220). In this specic measurement,
a signicant experimental challenge was related to the fact that the magnetic rigidities of the
primary beam charge states (mainly 238U91+ and 238U90+) are similar to the magnetic rigidities
of the fully-stripped neutron-rich lead isotopes, in particular 212Pb and 214Pb. As a result
of the high yield of uranium ions (around 109 pps), this would lead to an unacceptably high
counting rate in the detectors in the second focal plane, before the Al wedge-shaped degrader.
In order to avoid the problem, a homogenous 2 g/cm2 Al degrader was placed after the rst
dipole (S1), to exclude from the acceptance of the FRS the uranium charge states, enabling
a standard counting rate in the S2 detectors. Slits in S1 and S2 were also partially inserted
in the beam line of the spectrometer to cut the remaining contamination from the primary
beam charge states and heavy fragments around radium. The 758 mg/cm2 Al wedge-shaped
degrader at the intermediate focal plane (S2) was set to produce a monochromatic beam. The
identication in A/q is achieved through time of ight and focal-plane position measurements,
while the atomic number is obtained from two ionization chambers. Finally, the comparison of
the magnetic rigidities before and after the Al wedge-shaped degrader allows one to discriminate
a possible change of the ion charge state. These measurements are sucient to provide a complete
identication of the isotopes event by event.
At the nal focal plane (S4), the ions were slowed down in a thick degrader and then implanted
in a composite DSSSD detector system comprising 3 layers, each with three DSSSD pads [11, 12].
Every pad had a size of 5  5 cm2 and a thickness of 1 mm. The purpose of this active
stopper is to detect the position and time of an ion implantation and of a possible -decay
following the implantation. The DSSSD detector system was surrounded by the RISING 
spectrometer [9, 10], made of 105 germanium crystals arranged in 15 clusters with 7 crystals
each. The eciency of the array was 15 % at 662 keV and the time correlation between it and
the active stopper will provide the means to perform both isomer spectroscopy and -delayed
-ray spectroscopy.
3. First preliminary results
The identication plot in Fig. 1 shows that nuclei in the region of interest up to 219Bi, 218Pb,
214Tl and 210Hg were successfully populated. Some results on the  transitions following the
isomeric decays of 208Hg and 212Pb will be reported in the following paragraphs .
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Figure 1. Identication plot for the region of interest. The measured atomic number Z is
plotted versus the A/Z ratio (fully-stripped ions).
A preliminary analysis has been performed, with the aim of conrming previous results on
isomers in this region, in order to assess the consistency of our ion identication and  correlation.
Figure 2 shows the delayed -ray spectrum obtained by gating on 208Hg in the identication plot.
In Ref. [6] a 8+ isomer was reported, with a half life of 99(14) ns: in our case the statistics are
lower because the spectrometer was set for more neutron-rich fragments (for comparison refer
to Fig. 1 in Ref. [6]). The structure of 208Hg is determined by its two-proton-hole two-neutron-
particle character with respect to doubly-magic 208Pb. All the states have a predominant g29=2
conguration. Also in our case, as in Ref. [6], the 8+ ! 6+ transition could not be observed
because of its low energy (<100 keV), below the detection threshold. Moreover in the low -
energy region, which has a high background due to the bremsstrahlung from the implantation
events, the time window to select the  rays starts at later times with respect to higher  energies
( 200 keV). This results in a further cut of statistics at low energy in comparison with Ref. [6].
Figure 3 shows the delayed -ray spectrum obtained by gating on 212Pb. This spectrum has
to be compared with the one obtained in Ref. [4], which has lower statistics and no observation
of the 806-keV line, due to the lower eciency of the  detector used in that experiment. In
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Figure 2. Delayed -ray spectrum for 208Hg, time gated in the window t.
this case a 8+ isomer was suggested, with a predominant g29=2 conguration, as expected from
a seniority scheme. The 8+ ! 6+ transition was not observed in our experiment, nor in Ref. [4],
due to its low energy, for reasons given above. In Ref. [13] the transition was estimated to be
58 (14) keV. The known neutron-rich Pb isotopes 210;212Pb in addition to the newly-populated
ones (214;216;216Pb) seem to suggest a seniority scheme for neutron-rich Pb nuclei beyond N =
126. The existence of a seniority scheme will be veried with the ongoing analysis of heavier Pb
isotopes and with a comparison with shell-model calculations. In fact, new isomers were also
observed in 214Pb, 216Pb and in nearby nuclei. The measurements of their lifetimes, and hence
the B(E2) value from the isomeric states, will provide crucial information in understanding the
nuclear structure in this region of the Segre chart.
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Figure 3. Delayed -ray spectrum for 212Pb, time gated in the window t.
Acknowledgments
The excellent work of the GSI accelerator sta is acknowledged. A.G. and E.F. acknowledge
the support of INFN, Italy and MICINN, Spain, through the FPA2008-03774-E/INFN bilateral
action. A.G. activity has been partially supported by MICINN, Spain and the Generalitat
Valenciana, Spain, under grants FPA2008-06419 and PROMETEO/2010/101.
[1] A. Jungclaus et al. 2007 Phys. Rev. Lett. B 99 132501.
[2] M. Gorska et al. 2009 Phys. Lett. B 672 313.
[3] O. Sorlin, M.-G. Porquet 2008 Prog. Part. Nucl. Phys. 61 602.
[4] M. Pfutzner et al. 1998 Phys. Lett. B 444 32.
[5] I.N. Borzov 2004 Phys. Rev. C 67 025802.
[6] N. Al-Dahan et al. 2009 Phys. Rev. C 80 061302(R).
[7] S.J. Steer et al. 2008 Phys. Rev. C 78 061302(R).
[8] H. Geissel et al. 1992 Nucl. Instr. Meth. B 70 286.
[9] S. Pietri et al. 2007 Nucl. Instr. Meth. B 261 79.
[10] P.H. Regan et al. 2007 Nucl. Phys. A 787 491c.
[11] R. Kumar et al. 2009 Nucl. Instr. Meth. A 598 754.
[12] P.H. Regan et al. 2008 Int. J. Mod. Phys. E 17 8.
[13] C. Ellegaard et al. 1971 Nucl. Phys. A 170 209.
